This paper introduces a method to improve the spatial resolution of the point light source detection in scintillator by offering a scintillation detector with a new structure. By introducing a lightproof material with multiple pinholes between the scintillator cube and photon sensors, the light source can be detected through photon reverse ray tracing method. The proposed scintillation detector can provide fine spatial resolution about 10 µm∼20 µm, which is more than 10× finer than the prior arts. To optimize the design, the impact of the design parameters on the detection resolution is discussed based on the detailed simulation results. The simulation result shows that with the optimized parameter choice we can further improve the spatial resolution to 5 µm∼10 µm.
Introduction
Scintillation detector is known as an instrument for radiation detection by using the excitation effect of incident radiation on a scintillator material. The radiation will cause the scintillation phenomenon, generating a flash of photons that will pass through the transparent scintillator material. By determining the scintillation point, the incident angle of radiation can be calculated. As the spatial resolution will directly affect the accuracy of the estimation for radiation incident angle, higher spatial resolution is always required especially for the medical applications like positron emission tomography (PET) [1] . The scintillation detector that is used in PET applications typically has a low spatial resolution. Although technologies such as new type of sensors and time of flight (TOF) [2, 3, 4, 5] have been improved, the resolution of PET is still lower than other major scanning methods such as MRI.
There are typically two types of scintillation detectors being studied in recent years. The first type uses photon sensors directly attached to the surface of scintillator. The second type cuts the scintillator into several segments and attaches the photon sensor to each segment [6] . The first one usually uses two kinds of photon sensors, position-sensitive photo-multiplier tubes (PS-PMTs) [7] and single photon avalanche diodes (SPADs) [8] . PS-PMTs can detect the light and provide voltage in proportion to the quantity of light. SPAD is a photo-detector in which a photongenerated carrier can trigger an avalanche current due to the impact ionization mechanism. This makes SPAD be able to detect low intensity signal [9] . However SPAD cannot detect the quantity of incident light due to its binary nature. Therefore this type of scintillation detector usually generates SPAD data within a certain measuring time and resets the SPADs, then the output data are added to estimate the position of scintillation [10, 11] . In each case, this type of scintillation detector can only provide spatial resolution about 1 mm even utilizing depth-of-interaction (DOI) method [12] , which cannot afford the demands for higher resolution in medical applications.
The examples for the second type of detectors are the Si/CdTe Compton Camera [13, 14, 15, 16, 17, 18, 19] and the PET Crystal Cube [20, 21, 22, 23, 24, 25] . The Si/CdTe Compton Camera is composed of double-sided Si strip detectors (DSSDs) and CdTe pixel detectors. The spatial resolution of the DSSD is determined by the size and the thickness of the strip detectors and can provide 27 mm and 5 mm for the longitudinal and the lateral resolutions, respectively [26] . As the progress of research in recent years, strip detector's size has been even scaled down to several micrometers, which results in about 300 µm spatial resolution [27] . In contrast to Si/CdTe Compton Camera, the 3D Crystal Cube (X'tal Cube) is a three-dimensional position sensitive radiation detector, composed of small crystal segment whose size is 3:0 mm Â 3:0 mm Â 3:0 mm with multi-pixel photon counters (MPPCs) coupled to each surface of the crystal block [20] . The spatial resolution is considered to be equal to the size of crystal block. For both Si/CdTe Compton Camera and the PET Crystal Cube their spatial resolutions are restricted by their hardware size. Therefore they can hardly be improved unless the hardware has an obvious scale down.
In [28] we have proposed a method to improve spatial resolution of the light source detection in scintillator by offering a scintillation detector with a new structure. Compared to the first type of the scintillation detector mentioned above, the proposed one introduces a light-proof material with multiple pinholes between scintillator cube and photon sensors that are implemented with SPADs. Based on this structure the light source can be detected through photon reverse ray tracing method. Simulations have proved that this scintillation detector can provide fine spatial resolution about 10 µm∼20 µm, which is more than 10Â finer than the prior arts [28] . In addition, the proposed scintillation detector has a small size, which is about 1 mm∼10 mm because an on-chip SPAD array is used as the photon sensor. This small size allows the scintillation detector to be applied in various applications. One disadvantage about this scintillation detector is that the light-proof material will decrease the number of detected photons. Thus it is important to investigate the impact of the design parameters on the detection resolution to compromise for the optimum design. This paper presents the detailed simulation results that reveal the change in spatial resolution by changing several important design parameters.
The rest of this paper is organized as follows. Sect. 2 briefly reviews the structure of the proposed scintillation detector and the probability-based point light source detection scheme. The simulation results for the optimization of the structure are discussed in Sect. 3. Finally, Sect. 4 concludes this paper.
Structure of the scintillation detector and the point light source detection scheme
The structure of the proposed scintillation detector is illustrated in Fig. 1(a) . The detector is composed of a scintillator cube, multi-coated material with pinholes and SPAD array attached to each face of the cube. The multicoated material is supposed to be completely light-proof, hence the photons generated inside the cube are assumed to pass only through the pinholes to outside of the scintillator. The SPAD arrays are attached in parallel with the face of the cube with a very narrow separation. The scintillator size is considered to be from 1 mm to 1 cm. The circular shape is assumed for both pinhole and SPAD in this research. The size and the pitch of the SPADs are assumed to be smaller than those of the pinholes. For this purpose, we have designed and demonstrated a 15 Â 15 SPAD array on a 2:5 Â 2:5 mm 2 chip in 0.18 µm CMOS with efficient breakdown-pixel address readout architecture for faint light environment as shown in Fig. 2 [10] . 31 Â 31 array version has also been demonstrated with the same chip size for finer resolution. This dedicated SPAD array sensor detects the breakdown pixels on chip and reads out only their addresses. Thus it significantly improves the data readout efficiency and also improves the event detection rate.
The concept of the photon detection by the proposed scintillation detector is shown in Fig. 1(b) . Supposing a gamma-ray enters the scintillator cube, with some probability it may interacts with electrons at a point in the cube to create an ionization event. The electron will move in the scintillator and the photons will be emitted along the trajectory of the electron. When the energy of gamma-ray is low, the place of interaction can be considered as a pointlike isotropic radiation source [29] thus the trajectory of electron could be considered as a point [7] . A part of the emitted photons will pass through pinholes and go outside of the scintillator. Then when one of the SPADs on the array captures the photon, it will breakdown to make a pulse current, and the position of it will be read out. When a photon enters a SPAD to cause breakdown, we assume that it must come through one of the pinholes from the cube. Therefore from the photon detection results by the SPAD array, we can trace back to the point of the light emission inside the scintillation cube. To estimate the position of scintillation point, we need to calculate the probability distribution of a light source inside the scintillator. As the detailed calculation procedure has been summarized in [28] , here we briefly overview the calculation process for reference.
We divide the scintillator cube into N lattice points and calculate the probability at each point inside the possible region. We will use 10 µm step for a fine spatial resolution for the simulation in the next section. Suppose that the m-th SPAD captures a photon generated from the light source, the probability that a photon emitted from the n-th lattice point enters the m-th SPAD can be calculated with the solid angle subtended by the intersection between the pinhole and the possible trajectory from the n-th lattice point to the m-th SPAD. In an actual scintillation event multiple SPADs are supposed to breakdown simultaneously. Thus by finding the point that has the highest probability to cause the breakdown for these SPADs, we can precisely detect the point of the light emission in the scintillator cube.
To be more realistic, we also have to consider the practical property of the SPAD device, which is dark count. The dark count in SPAD is defined as the count of the breakdown even without any incident light, which is mainly triggered by an undesired thermal generation. Based on the dark count rate reported by [10] , the error probability is calculated ∼0.2% when the time interval of measurement is assumed to be 100 ns. Including this error probability, the probability that multiple SPADs simultaneously breakdown is calculated in the simulation results.
Simulation results

Simulation setup
The parameters of the scintillation detector structure in the experimental verification are listed in Table I . CaF 2 scintillator material is assumed because CaF 2 is less deliquescent and has a small refractive index. The light yield is set to be 30000 photons/MeV. Cs-137 is assumed to be a radiation source that emits gamma-ray of 0.662 MeV. In the verification simulation, photons are assumed to be emitted from one point inside the scintillator in random direction by Monte Carlo method. Photons have rectilinear motion inside the scintillator and is absorbed when it hits the lightproof material. If a photon passes through the pinhole and finally enters the SPAD, it will breakdown with some probability. The probability, which is defined as a detection rate, is determined by SPAD photon detection efficiency. In this research, this possibility is set to be 20% based on our prior work [10] . There is a probability that the SPAD breakdowns even when there are no photons due to SPAD error rate in the previous section. The error rate due to the dark count is set to be 0.2% based on the measurement results in our prior work [10] . Fig. 3 shows an example of the simulation result. In this example the scintillator is placed on the horizontal plane of z ¼ 0. Three edges of the cube are set to be x-axis, y-axis, z-axis as shown in Fig. 1(b) . The light source point is set at (200 µm, 500 µm, 700 µm) inside the scintillator in this simulation. In one scintillation event 2:0 Â 10 4 photons are emitted from the light source based on Monte Carlo method. Scintillation events have been simulated for 1,000 times. In each simulation, the probability of each lattice point is calculated. The probabilities of the lattice points around light source in one scintillation event is shown in Fig. 3 . In this figure, the probability is normalized by the sum of the probabilities at all lattice points. The lattice point with the highest probability is the coordinate (200 µm, 500 µm, 700 µm), where we set the light source.
From the simulation results of several light sources in different positions inside the scintillator, we have concluded that the proposed scintillation detector using photon reverse ray tracing method can provide a spatial resolution about 10 µm∼20 µm, which is more than 10Â finer than the prior arts [28] .
To optimize the spatial resolution of the proposed scintillation detector, it is necessary to analyze the contribution of each design parameter on the spatial resolution.
The key parameters are the number of SPAD arrays, the number of photons generated from scintillation point, the detection efficiency of SPAD, the pinhole size, the SPAD size and the interval between pinholes. In the following subsections, the contribution of each parameter is investigated based on simulation.
The number of SPAD arrays
In the simulations above, the number of SPAD arrays is considered to be 6 and each SPAD array is attached to each surface of the scintillator cube. To evaluate the impact of the number of SPAD arrays on the spatial resolution, we conducted simulations with different number of SPAD arrays. To make the experiment fair, we set the light source at (500 µm, 500 µm, 500 µm), which is the center of the scintillator cube in this simulation. As the positions close to the SPAD arrays inside the scintillator cube tend to have higher probability to be a light source, to prevent the false detection we need at least 2 SPAD arrays to estimate the light source position using the proposed method. Therefore in this simulation the number of SPAD array is set to be 2, 3, 4, 5, and 6. When there are 2 SPAD arrays, two cases are possible: (a) the SPAD arrays are attached to the opposite sides of scintillator or (b) they are attached to the adjacent sides of scintillator. Except the scintillation point and the number of SPAD arrays, all other parameters are kept same as those in the previous simulation. 1,000 runs have been done and the histograms of light source coordinates with different number of SPAD arrays are summarized in Fig. 4 .
It is obvious that the more SPAD arrays the proposed scintillation detector has, the finer spatial resolution the scintillation detector can provide. By using more SPAD arrays, more photons can be captured to have more breakdown SPAD pixels that provide more information to extract the possible region. Compared to the case with 2 arrays at opposite sides, the case with 2 arrays at adjacent sides can improve the spatial resolution. It is because the possible Error rate due to dark count 0.2% Fig. 3 . Probability around the actual light source position in one scintillation event [28] .
region for the light source calculated by 2 arrays at the opposite sides have larger overlap that highlight the probability at the actual light source position. Thus, if the hardware cost limits the possible number of SPAD arrays, we should place them at adjacent faces.
The number of generated photons and the SPAD detection efficiency
The number of the generated photons and the SPAD detection efficiency are expected to have the same impact on spatial resolution because both parameters proportionally contribute to the number of captured photons by SPAD. Therefore we use the product of the photon numbers and the SPAD detection efficiency as a single parameter. In the simulation we sweep this parameter to see the change of the spatial resolution. To see the trend at different positions inside the scintillator cube, 3 positions, (500 µm, 500 µm, 500 µm), (200 µm, 500 µm, 700 µm), and (100 µm, 200 µm, 900 µm) are chosen to be the point light source positions. The energy of photons generated in the scintillator depends on the scintillator material [30] , which is typically 10-50 keV. The SPAD detection efficiency is ranging from 5% to 50% depending on the chip fabrication processes [10, 31] . Based on these assumptions, the product of the photon numbers and the SPAD detection efficiency is changed from 4,000 to 14,000 in this simulation. Since the spatial resolution depends on the light source position and is different for x, y and z coordinates, from here only the spatial resolution of z coordinate is used for comparison. The relationship between the product of photon numbers and SPAD detection efficiency and the spatial resolution is shown in Fig. 5 .
As expected, the higher photon detection efficiency or more photon numbers can provide finer spatial resolution. The position close to the center of the scintillator usually provides finer resolution but the position close to the surface of the scintillator provides worse. At the position close to the surface, due to the acute angle to the nearest pinhole arrays the possible region for the light source tends to be large hence the estimated light source position can not be fixed precisely. However, if the number of photons or the photon detection efficiency is appropriately large, several µm spatial resolution can be achieved for all of these positions inside the cube.
The pinhole diameter and interval
The pinhole size and its interval are important parameters because these parameters determine the open rate of the multi-coated material. When the interval between pinholes becomes smaller, more pinholes are integrated on the array, but the maximum possible diameter is limited by the interval. Therefore, these two parameters are related to each other. To verify the dependence on these parameters, the spatial resolutions are simulated by changing their values at the 3 different light source positions as in the previous section. Firstly, the diameter of pinhole is changed from 30 µm to 70 µm, while the interval between pinholes is fixed at 100 µm. The diameter of pinhole must be smaller than this distance. All the other simulation conditions and parameters are the same as those in the previous simulation. The open rate is about 7% when the diameter of pinhole is 30 µm, and is about 38% when the diameter is 70 µm. When the diameter is smaller than 30 µm, due to excessively low open rate the SPAD arrays do not capture sufficient number of photons that cause breakdown pixels, thus the position estimation fails in this case. The relationship between the diameter of pinhole and the spatial resolution is shown in Fig. 6 . IEICE Electronics Express, Vol. 16, No.19, [1] [2] [3] [4] [5] [6] For the point at (100 µm, 200 µm, 900 µm), there is no data when diameter of pinhole is less than 40 µm. It is because there are not enough breakdown SPAD pixels to estimate the light source position and the distance between estimated light source position and the real light source position becomes more than 100 µm, which means that the position estimation is failed. From Fig. 6 we can see the trend that the spatial resolution at the point close to the center of the scintillator becomes finer when the diameter of pinhole becomes larger. In contrast, the spatial resolution of the point close to the surface of scintillator does not become finer. As in the previous subsection, the possible region for the light source tends to be large especially at the position close to the surface by increasing the pinhole diameter. Since this effect cancels the positive impact of the increase in open rate, we find only slight improvement in the spatial resolution around this region. Fig. 7 shows the simulation result of the relationship between the spatial resolution and the interval between pinholes. In this simulation, we keep the diameter of pinhole as 40 µm and change the interval from 60 µm to 100 µm. When the interval between pinholes becomes smaller, the spatial resolution rises up especially at the positions close to the center of scintillator thanks to the increase in open rate. Due to the same reason as in the case of pinhole diameter, the spatial resolution of the point close to the surface does not improve that much even when we decrease the interval between the pinholes.
The SPAD size
The SPAD size, more specifically the size of photosensitive area of SPAD, is another key parameter because it determines the area that can capture the photons from the light source. Based on our prior research [10] , the diameter of SPAD can be tuned to be smaller than 20 µm when interval between SPADs is 40 µm. With this interval a diameter larger than 20 µm is not available in practice, because the necessary guard-ring between two SPADs and some interface circuits occupy certain area for appropriate operation of the SPAD array. Therefore, we change the diameter of SPAD from 10 µm to 18 µm in this simulation. The simulation result of the relationship between spatial resolution and the diameter of SPAD is shown in Fig. 8 .
As expected, the larger size of SPAD can provide finer spatial resolution. It is because larger SPAD has larger open rate, which can capture more photons. This corresponds to the larger detection efficiency in Sect. 3.3.
Optimum parameter choice
In practice, the number of generated photons depends on the material of scintillator and the energy of radiation source. The SPAD photon detection efficiency depends on the fabrication process used for the SPAD array. Therefore, from the circuit and sensor designers' side, tunable parameters are the diameter/interval of pinholes and the diameter of SPAD. Based on the results in the previous subsections, the diameter of pinhole and SPADs should be large and the interval between the pinholes should be small. According to this choice, the spatial resolution at the point close to the center of the scintillator will become notably finer to roughly 5 µm. Though the spatial resolution of the points close to the surface may not improve that much, ∼10 µm resolution is still possible by using large SPADs as shown in Fig. 8 .
Conclusion
This paper introduced a new scintillation detector with multiple pinholes on a light-proof material between the scintillator cube and photon sensors, which offers a fine spatial resolution of about 10 µm∼20 µm considering the practical parameters and non-idealities such as the number of emitted photons, SPAD photon detection efficiency and its dark count rate. The impact of the design parameters on the spatial resolution are analyzed and the guideline to choose the optimum parameter for the proposed scintillation detector is discussed based on simulation results. Simulation results demonstrated that further improvement in the spatial resolution is possible with the optimized parameter choice. Fig. 7 . The relationship between the interval between pinholes and the spatial resolution in different position inside the scintillator. Fig. 8 . The relationship between the diameter of SPAD and the spatial resolution in different position inside the scintillator.
